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ABSTRACT: The on-surface reactions of 10-bromo-10'-(2,6-
dimethylphenyl)-9,9'-bianthracene on Au(111) have been investi-
gated by scanning tunneling microscopy and spectroscopy, com-
plemented by theoretical calculations. The reactions afford syn-
thesis of two open-shell nanographenes (1a and 1b) exhibiting 
different scenarios of all-carbon magnetism. 1a, an all-benzenoid 
nanographene with triangulene-like termini, contains a high pro-
portion of zigzag edges which endows it with a low frontier gap 
and edge-localized states. The dominant reaction product (1b) is a 
non-benzenoid nanographene consisting of a single pentagonal 
ring in a benzenoid framework. The presence of this non-
benzenoid topological defect, which alters the bond connectivity 
in the hexagonal lattice, results in a non-Kekulé nanographene 
with an unpaired spin, which is detected as a Kondo resonance. 
Inducing magnetism in carbon nanomaterials has been a long-
standing challenge encompassing organic chemistry and con-
densed matter physics.1 Owing to lower spin-orbit and hyperfine 
couplings,1,2 and larger spin correlation lengths,3 carbon nano-
materials are postulated to exhibit improved performance over 
inorganic materials in spin-based information processing.1,4,5 The 
field of carbon magnetism has received a revived interest since 
developments in the bottom-up synthetic chemistry of polycyclic 
conjugated hydrocarbons, or nanographenes (NGs).6 The electron-
ic structure of NGs exhibits sensitive dependence on the topology 
of the π-electron network, which provides a platform to engineer a 
plethora of properties, including magnetism. The high reactivity 
of magnetic (open-shell) NGs makes a conventional solution-
based synthesis challenging, and in this regard, on-surface synthe-
sis7 under ultrahigh vacuum has emerged as a powerful alternative 
synthetic toolbox. Current progress in the synthesis of open-shell 
NGs is largely limited to low-spin NGs with extended zigzag 
edges8-21 or high-spin non-Kekulé NGs.22-27 However, much less 
attention has been paid on the potential of topological defects, that 
is, non-benzenoid rings, in inducing magnetism in NGs. Non-
benzenoid rings, routinely observed as defects in graphene,28 may 
significantly influence the chemical29 and electronic proper-
ties16,30-32 as a result of local changes in strain and conjugation. 
Here, we report a combined in-solution and on-surface synthesis 
of two open-shell NGs resulting from on-surface reactions of a 
single molecular precursor 10-bromo-10'-(2,6-dimethylphenyl)-
9,9'-bianthracene (2, Scheme 1) on Au(111), and their characteri-
zation using scanning tunneling microscopy (STM) and spectros-
copy (STS), supported by tight-binding (TB) and mean-field 
Hubbard (MFH) calculations. Surface-catalyzed Ullmann cou-
pling and subsequent cyclodehydrogenation and oxidative cy-
clization reactions of 2 leads to the formation of two distinct NGs. 
1a, an all-benzenoid NG formed in minority, results from a de-
fect-free on-surface reaction of 2. It consists of triangulene-like 
termini which present extended zigzag edges hosting localized 
states with an antiferromagnetic coupling across the NG, and an 
exceedingly low frontier gap of 110 meV. Interestingly, a majori-
ty of Ullmann-coupled dimers of 2 lose a single methyl group, 
leading to the formation of a pentagonal ring in an all-benzenoid 
framework (1b). The presence of this topological defect renders 
1b a non-Kekulé NG with an unpaired electron, which manifests 
as a Kondo resonance.33 
The solution synthesis of 2 (Scheme 1) commenced with the 
formation of 9,9'-bianthracene (4), derived from commercially 
available 9,10-anthraquinone (3). The synthesis was carried out 
according to literature protocol,34 and 4 was isolated as a yellow 
solid in moderate yield. Bromination of 4 at low temperature af-
forded 10,10'-dibromo-9,9'-bianthracene (5). 5 further reacted 
with (2,6-dimethylphenyl)boronic acid under Suzuki cross cou-
pling conditions and provided 10-(2,6-dimethylphenyl)-9,9'-
bianthracene (6) in a mixture of three byproducts, namely 9,9'-
bianthracene (6-1), 10-bromo-9,9'-bianthracene (6-2) and 10,10'-
bis(2,6-dimethylphenyl)-9,9'-bianthracene (6-3) (see Supporting 
Information). Owing to similar polarities of 6 and 6-1 to 6-3, iso-
lation of 6 by silica gel chromatography was hampered. Thus, the 
roughly purified compound mixture 6 was directly brominated at 
0 °C, and 2 was obtained as a light-sensitive yellow solid with an 
overall yield of 5%. 
Subsequently, a submonolayer coverage of 2 was deposited on a 
Au(111) surface held at room temperature, and annealed to 300 
°C to promote on-surface reactions. Figure 1a presents an over-
view STM image of the surface, where individual molecules and 
covalently-bonded oligomers (Figure S1) are found. High-
resolution (HR) STM imaging at low tunneling bias reveals that ~ 
6% of the molecules (1a) exhibit a two-lobed local density of 
states (LDOS) distribution at the termini (Figure 1b). We per-
formed ultrahigh-resolution (UHR) STM imaging to gain access 
 
Scheme 1. Synthetic route toward NGs 1a and 1ba,b 
 
aReagents and conditions: (i) Zn, CH3COOH/HCl, 50 °C, overnight, 30%; (ii) Br2, CHCl3, 0 °C to room temperature, 2 h, 28%; (iii) 2,6-
dimethylphenylboronic acid, K3PO4, DPEPhos, Pd2(dba)3, toluene/EtOH/H2O, 110 °C, overnight; (iv) Br2, CHCl3, 0 °C to room tempera-
ture, overnight, 5%. bGray filled rings denote Clar sextets, and the yellow filled ring highlights the pentagonal ring. 
to the bond-resolved structure of the molecules.35,36 Figures 1c-e 
present UHR-STM images of 1a, confirming its all-benzenoid 
topology with the presence of triangulene-like termini, implying 
no loss of methyl groups from 2 during annealing. However, the
majority of the molecules (~ 94%) exhibit different appearances at 
the two termini (1b). While one of the termini of 1b presents a 
two-lobed LDOS feature similar to 1a, the other terminus exhibits 
a triangular topography with no discernible LDOS features (Fig-
 
Figure 1. On-surface synthesis and structural characterization of 1a and 1b. (a) Overview STM topography image after annealing 2 on 
Au(111) at 300 °C. (b, c) HR-STM (b) and UHR-STM (c) images of 1a. (d, e) Laplace-filtered UHR-STM images of the termini of 1a. (f, 
g) HR-STM (f) and UHR-STM (g) images of 1b. (h, i) Laplace-filtered UHR-STM images of the termini of 1b. Scanning parameters: V = -
1 V, I = 70 pA (a); V = -100 mV, I = 50 pA (b, f) and V = -5 mV, I = 50 pA, Δz = -0.80 – -0.95 Å (c-e) and (g-i). Scale bars: 10 nm (a) and 
0.5 nm (b-i). STM images in (b, f) are acquired with CO-functionalized tips. 
 
 
Figure 2. Electronic characterization of 1a. (a, b) Nearest-neighbor TB (a) and MFH (b) energy spectrum of 1a. (c) MFH spin density 
distribution of 1a. Blue/red isosurfaces denote spin up/spin down density. (d) HR-STM image of 1a. (e, f) dI/dV spectroscopy on 1a. Ac-
quisition positions are marked with corresponding filled circles in (d). The spectra in all panels are vertically offset for visual clarity. (g) 
Constant-current dI/dV maps (top panels) and simulated MFH-LDOS maps (bottom panels) of the HOMO-1, SOMOs, SUMOs and 
LUMO+1 of 1a. Scanning parameters: V = -30 mV, I = 350 pA (d); V = -980 mV, I = 400 pA (g, HOMO-1); V = -30 mV, I = 350 pA (g, 
SOMOs); V = +50 mV, I = 400 pA (g, SUMOs) and V = +1.45 V, I = 400 pA (g, LUMO+1); Vrms = 10 mV (g, SOMOs and SUMOs) and 
22 mV (g, HOMO-1 and LUMO+1). Open feedback parameters for dI/dV spectra: V = -2.00 V, I = 370 pA (e) and V = -50 mV, I = 500 pA 
(f); Vrms = 16 mV (e) and 2 mV (f). Scale bars: 0.5 nm. 
ure 1f). Figure 1g presents the UHR-STM image of 1b, revealing 
strong convolution of chemical structure with LDOS near zero 
bias at the lower terminus, in contrast to the upper terminus which 
does not exhibit any zero-bias LDOS. UHR-STM imaging of the 
termini shows the formation of a pentagonal ring at one of the 
termini (Figure 1h), with the other terminus retaining the trian-
gulene-like structure (Figure 1i). Notably, the zero-bias LDOS 
accumulates almost exclusively on the triangulene-like terminus. 
Evidently, formation of a pentagonal ring implies the loss of a 
single methyl group from an Ullmann-coupled dimer of 2 (we 
rarely detect molecules with the loss of two methyl groups, see 
Figure S2). 
To elucidate the electronic structures of the molecules, we em-
ploy the nearest-neighbor TB model. Figure 2a and Figure S3 
present the TB energy spectrum of 1a, which shows a pair of 
states located close to zero energy. These states are localized at 
the termini with a fast decay of wave function amplitude toward 
the center of the molecule, characteristic of edge states37 (Figure 
S4). To account for electron-electron interactions, we employ the 
MFH model, which leads to spin polarization in the system. The 
frontier electronic structure is characterized by a pair of singly 
occupied molecular orbitals (SOMOs, Figure 2b), with the popu-
lating spins aligned antiferromagnetically (Figure S5), in agree-
ment with Ovchinnikov’s rule38 and previous calculations.39 The 
computed spin density distribution of 1a (Figure 2c) reveals dom-
inant spin localization at the zigzag carbon atoms at the termini, 
with spin up and spin down populations spatially separated. The 
experimental electronic structure of 1a is characterized via STS, 
which reproduces the salient features of the TB/MFH calculations. 
As shown in Figure 2d,e, dI/dV spectroscopy on 1a reveals a se-
ries of electronic resonances labeled HOMO-2 (-1.50 V; HOMO 
is highest occupied molecular orbital), HOMO-1 (-980 mV) and 
LUMO+1 (+1.45 V; LUMO is lowest unoccupied molecular or-
bital), along with a broad peak at +2.23 V. Additionally, a pair of 
electronic resonances near zero bias are detected (Figure 2e, 
marked with filled and empty circles and labeled SO-
MOs/SUMOs; SUMO is singly unoccupied molecular orbital). 
dI/dV spectroscopy in the vicinity of the Fermi level reveals two 
peaks at -50 mV and +60 mV (Figure 2f). Spatial mapping of the 
dI/dV signal (dI/dV maps) around -980 mV, -50 mV and +60 mV 
(Figure 2g) exhibits excellent agreement with the mean-field 
Hubbard local density of states (MFH-LDOS) maps of the 
HOMO-1, SOMOs and SUMOs of 1a, respectively. This confirms 
the spectroscopic features labeled in Figure 2e as molecular or-
bital resonances (see Figures S6 and S7 for additional STS data on 
1a). Based on the energies of the SOMOs and SUMOs, the fron-
tier gap of 1a is inferred to be 110 meV. We note that the dI/dV 
map acquired at +1.45 V, while exhibiting partial agreement with 
the LUMO+1 MFH-LDOS map, presents prominent maxima at 
the center of the armchair edges – in contrast to the weak LDOS 
expected for LUMO+1 at this location. This observation may be 
explained by a weak intermixing of LUMO+1 and LUMO+2 
states (Figure S8). Finally, an open question pertaining to the 
experimental electronic structure of 1a is the absence of inelastic 
spin excitation signal40 in dI/dV spectroscopy. Given the S = 0 
ground state of 1a (where S is the total spin quantum number), an 
 
 
Figure 3. Electronic characterization of 1b. (a, b) Nearest-neighbor TB (a) and MFH (b) energy spectrum of 1b. (c) Computed wave func-
tions of the SOMO (ψ↑) and SUMO (ψ↓) of 1b. Green/red isosurfaces denote opposite phase of the wave function. (d) MFH spin density 
distribution of 1b. (e) HR-STM image of 1b (repeated from Figure 1f). (f) Temperature evolution of the Kondo resonance detected in 1b, 
with corresponding fit using the Frota function.41 Acquisition position is marked with a filled circle in (e). (g) Temperature evolution of the 
extracted half width at half maximum (HWHM) of the Kondo resonance, with fit using the Fermi-liquid model.33 Open feedback parame-
ters for dI/dV spectra: V = -35 mV, I = 300 pA, Vrms = 400 μV. Scale bars: 0.5 nm. 
S = 0 to S = 1 (that is, singlet-triplet) spin excitation is to be ex-
pected20,21. We speculate that since tails of the broad SOMOs and 
SUMOs resonances persist up to the Fermi energy (Figure 2f), 
this large contribution from an elastic tunneling channel may ob-
scure the weaker inelastic features. 
In contrast to the all-benzenoid topology of 1a, the presence of 
a pentagonal ring in 1b disrupts the bipartite symmetry of the 
underlying honeycomb lattice, and Ovchinnikov’s rule cannot be 
applied to determine the ground state spin multiplicity. Important-
ly, presence of the pentagonal ring renders 1b a non-Kekulé sys-
tem with an unpaired electron, that is, S = ½. Accordingly, the TB 
energy spectrum of 1b (Figure 3a) reveals a zero-energy state 
occupied by one electron. Inclusion of on-site Coulomb repulsion 
triggers spin polarization, along with the opening of a Coulomb 
gap and a net spin imbalance of one in the system (Figure 3b). 
The computed spin-polarized wave functions of the SOMO and 
SUMO of 1b is displayed in Figure 3c, which exhibit dominant 
localization at the triangulene-like terminus, with negligible am-
plitude at the pentagonal ring-containing terminus. The computed 
spin density distribution of 1b (Figure 3d) reveals spin localiza-
tion only at the triangulene-like terminus, in agreement with the 
spatial extent of the zero-bias LDOS (Figure 1g). The hallmark of 
a spin-½ system on a metal surface is screening of the individual 
spin by itinerant conduction electrons of the surface, leading to a 
many-body Kondo ground state. dI/dV spectroscopy on 1b reveals 
a pronounced zero-bias peak which exhibits an anomalous reso-
nance linewidth broadening with increasing temperature, follow-
ing the characteristic trend of a Kondo resonance with a Kondo 
temperature TK = 141 K (Figure 3e-g; also see Figures S9 and 
S10), unambiguously establishing spin-½ paramagnetism. 
In summary, we have shown synthesis of two open-shell NGs, 
1a and 1b, resulting from the on-surface reactions of a single 
precursor 2 on Au(111). 1a is an all-benzenoid NG containing 
zigzag edge-rich termini hosting low-energy edge states, with a 
frontier electronic gap of 110 meV. 1b is a non-benzenoid NG 
with a single pentagonal ring in a benzenoid framework. Presence 
of this topological defect renders 1b a non-Kekulé system with S 
= ½, which is detected as a Kondo resonance. Our work demon-
strates unambiguous evidence of all-carbon magnetism, and pro-
vides rich opportunities to induce and tune magnetism in NGs 
through topological defects.  
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ures S1-S10), detailed synthetic procedures of chemical com-
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